Self Organizing Maps (SOMs) are increasingly popular methods in processing highdimensional ecological data, however, their potentials are not yet fully utilized. It was our objective to prove evidence on an unknown advantage of the SOMs which we aimed to test using data on the spatial distributional patterns of gammarids. Quantitative samples and a wide spectrum of environmental data were obtained from the catchment area of two of the largest side tributaries of the Tisza River. Distributional patterns and habitat preference of three Gammarus species were described by Self Organizing Map methods and regression tree analysis (CART) on spatial and temporal scale. Using SOMs helped us to bring out distinctions in our data and enhance the differences, thus making them easier to recognize and
Introduction
Self Organising Maps (SOMs) are a novel yet increasingly popular method in ecology. The SOMs have been used on data of aquatic macroinvertebrates mainly for clustering and visualisation like describing the distributions of the communities in France (Cereghino et al. 2001) , in South Korea (Park et al. 2007a) or in China (Li et al. 2012) . Besides this they were also successfully, though rarely used in patterning habitat preferences of community assemblages in case of birds (Lee et al. 2010) , fish (Dukowska et al. 2013 ) and even macroinvertebrates (Goethals et al. 2013 ). They are not only suitable for clustering and to visualize high-dimensional data (Kohonen 1998) but proved an equivalent to conventional statistical methods for ecological patterning (Chon et al. 1996, Giraudel and Lek 2001) .
The flowchart of the SOM analysis shows that, using SOM, the input raw dataset, that usually contains a matrix of samples with species as and environmental factors as variables, has three analytical outputs (Fig. 1.) :
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i) The first approach was using SOM as an explorative analysis method to detect and explain sample clusters and sample groupings (Chon et al. 1996) . Using SOMs it is possible to convert complex statistical relationships between high-dimensional data into simple geometric relationships on a low-dimensional display preserving the most important topological and metric relationships of the primary data ( Fig. 1 .a.) (Chon 2011 , Várbíró et al. 2007 .
ii) By visualising the SOM component planes it is possible to display the groupings of sites ( Fig. 1 .b.), species abundances and abiotic variables together; therefore, each variable can be evaluated by its influence (Várbíró et al. 2012) .
iii) Using the SOM dataset as a model to analyse its data further for correlation and other statistical tools (Fig. 1.c.) is not yet common in ecology.
We would like to demonstrate the strength of this approach as it leads to valuable ecological relevancies. To highlight this approach we used a gammarid dataset of a river catchment as a case study.
Gammarids, being easy to collect and abundant in most freshwater ecosystems, proved to be an ideal choice as model organisms. Gammarids belong to the most successful organisms invading aquatic habitats, they often exist in high densities and occasionally can dominate the macroinvertebrate fauna in streams and rivers (Giller and Malmquist 1998, Wesenberg-Lund and Storch 1939) . In running waters they can even account for 80-90 % of the macroinvertebrate numbers as well as biomass (van Riel et al. 2006) . Their success can be explained by their high tolerance for a wide range of environmental conditions (Bruijs et al. 2001 , Devin and Beisel 2007 , Wijnhoven et al. 2003 , by their high reproductive capacity and by their superior competitiveness as predators (Dick et al. 1990, MacNeil and Platvoet 2005) . However, spatial as well as temporal isolation of resources and habitats may lead to the coexistence of gammarids (MacNeil et al. 2001) . In Hungary, G.
fossarum, G. roeselii and G. balcanicus are also considered as part of the native fauna, all of
which belong to the most common amphipod species found in Europe (Grabowski and Mamos 2011) .
According to our present knowledge, the spatial distribution of these species is mainly influenced by altitude -with G. balcanicus living at the highest altitude, followed by G.
fossarum in the lower regions and G. roeselii and Asellus aquaticus in the lowermost regions (Pârvulescu 2009 ). However, besides the altitude, numerous other factors like dissolved oxygen, substrate and plant coverage can also influence the distribution of species (Mauchart et al. 2014 ).
Our paper had two objectives; the ecological goal was to reveal coexistence patterns of gammarid species, and the statistical/modelling aim was to prove evidence on the superiority of the SOM method against classical tools of statistical methods. We hypothesised that the use of Self Organizing Maps in processing the data considerably reduces the noise and enhances the descriptive value of the model.
Materials and Methods

Study sites and sampling procedure
The sampling locations can be found on the watershed of the Hernád and Sajó rivers, two of the largest side stream tributaries of the Tisza River (Table 1. 
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Olsava, all in Slovakia). The samples were taken at 42 sites on a single occasion during the summer (7-12 of June) of 2012 (Fig. 2. ).
The representative units were localized during the field sampling and at each one of them a 20-50 m long section was selected to be the sampling site. We made sure there were no hydromorphological changes (e.g. bridge, bank saving pitching) near them. The sampling was carried out according to the AQEM protocol, thus a sample consisted of 20 sampling units taken from all habitat types according to their share (Hering et al. 2004 ). The proportions of the different habitat types were mapped at the sampling site and types of less than 5% coverage were not included in the sampling. The following physical factors were measured and registered on every sampling site: temperature, pH, dissolved oxygen and conductivity. The types of the habitats and the substrate found were also recorded along with hydromorphological factors (altitude, width of flood plain, average width and maximum width of stream, actual depth of stream, average depth and maximum depth at high-water).
The samples were pre-sorted for vulnerable specimens in the field, their volumes were reduced and they were conserved in 70% ethanol. The sorting and the identification was carried out in the laboratory. The sorted amphipods were identified using relevant taxonomical keys (Gruner 1966 , Karaman and Pinkster 1977 , Kontschán 2001b , Kontschán et al. 2002 .
Statistical analysis
The SOM method was used to answer our ecological question: we tried to find out which environmental factors had major influence on the presence of gammarids. The raw matrix that was the basis of the SOM analysis was constructed from the relative abundance of the three species and the 17 environmental variables. Sampling sites containing no or less than 30 individuals of gammarid species were removed from our analysed data set as these sites were dominated by Asellus aquaticus. The relative abundance values of the species at the different A C C E P T E D M A N U S C R I P T
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sampling events were plotted on a simplex diagram. Here closeness to the vertices refers to the domination of the given species as its relative abundance is one at the vertex.
The algorithm and structure of the SOM can be achieved through a neural network that uses self-organizing processes. The SOM is a linear array of artificial neurons with each neuron being represented and arranged in a two dimensional hexagonal lattice in the final presented form (Chon et al. 1996) (Fig. 1.) . In our case, raw data matrix for a community containing -n‖ species and environmental factors (i.e., n dimensions), the abundance of a species, i, is expressed as a vector, x i . Vector x i is therefore considered to be an input layer for the SOM. Each node, j, is connected to each input node, i. The connection weights (initially, the weights are randomly assigned), w ij (t), change adaptively at each iteration of the calculation, t, until convergence is reached by minimization of the difference, d ij (t), between input data x i and the weight w ij (t):
In the selection phase, the neuron of which weighted vector is in the shortest distance (Eq.1 ) (minimum d ij (t)) to the input vector is chosen as the winner, the best matching unit (BMU) and this neuron is going to have the strongest respond in the next phase. In the learning phase, the chosen neuron and its neighbouring neurons are allowed to adapt by changing weights to further reduce the distance between the weighted vector and the input vector as (Eq. 2.):
where Z j is assigned 1 for the chosen (and its neighbouring) neuron(s) and is assigned 0 for the remaining neurons. The expression η(t) denotes the learning factor. The radiusdefining neighbourhood is usually set to a larger value early in the training process and is gradually reduced as convergence is reached. The weights of the BMUs and neurons close to 
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To test the applicability of using the SOM method, all the following statistical methods were done both on the raw matrix and on the SOM matrix. Principal components analysis (PCA) was used for highlighting the environmental variables accounting for most of the variance in the distribution of the species (Davis 1987 , Harper 1999 . The PCA analysis was carried out using PAST (Hammer et al. 2001) , the Convex hull delineation was based on the dominant species abundance. We used an analysis of similarities (ANOSIM) to test whether there were significant differences between the dominant species groups (Clarke and Ainsworth 1993) . Discriminant Analysis were used to test whether the environmental factor determine the gammarids species distribution (Rohlf and Corti, 2000) . Regression tree analysis (CART) was used to identify interrelations among different abiotic variables and the species dominance and to validate whether the results of the SOM model are easier to interpret.
CART methods are well established in ecology for the identification of relations between environmental and density variations (Clapcott et al. 2010) . Detailed descriptions of the CART analysis can be found at Breiman et al. (1984) . The categorical response dependent variable of the model was the dominant species for the given sample or SOM virtual unit.
Results and Discussion
Ecological question
Gammarus roeselii could be found in only half of the samples collected while both G.
balcanicus and G. fossarum were represented in more than 70% of the samples. Most of the sampled sites (53%) contained two species (75% of these samples contained G. balcanicus and G. fossarum), the third of them (30%) all three and in only 17% of the samples was only one of the species present. In the simplex diagram the sites with only one species were
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displayed at the vertices, while samples containing two species dispersed along the edges.
Sites with all three species present were placed inside of the large triangle, but it is also clearly noted that there were no sites where G. balcanicus and G. roeselii were present together. There is a clear gradient between G. roeselii to G. fossarum and between G.
fossarum and G. balcanicus but not between G. roeselii and G. balcanicus (Fig. 3. ).
The three species distributed separately in the SOM map (Fig. 4. ). Using the mask function it is possible to force the SOM to learn the abiotic composition pattern of the sampling events therefore we could visualize the component planes of the given variable (Fig.   4 .). In the case of G. roeselii there was a clear negative correlation between the altitude and the abundance of the species. Positive correlation with actual mean depth and the conductivity could refer to the fact that the species is more abundant on the lower reaches of the streams.
The species also showed preference for fine (psammal-argylal) substrate and dense plant coverage (Fig. 4.) . These results seemed to contradict our present knowledge of the G. roeselii preferring macrolithal stream beds and high levels of dissolved oxygen (Henry and Danielopol 1998, Kley et al. 2009 ). While preferring habitats with coarse bed substrate (mesolithal: 6-20 cm and microlithal: 2-6 cm in diameter), a strong negative correlation was observed between the distributions of G. balcanicus and habitats with a dense plant coverage, higher temperature and fine (psammal-argylal) bed substrate (Fig. 4.) . G. fossarum clearly preferred rocky stream beds at high altitudes, while a strong negative correlation was proven between the distribution of the species and gravel (akal, 2 mm-2 cm in diameter) as bed substrate, temperature and the actual mean depth (Fig. 4. ).
The habitat preferences of both G. balcanicus and G. fossarum seemed to be in consort with the expected distributional patterns (Pârvulescu 2009 ) although not in perfect accordance thus increasing the necessity of testing the possibility of a competition. This suggests that the separation is made by the level of degradation and not the difference in grain size, as opposed
to literature data, according to which G. roeselii prefers rocky habitats. Hence, in a degraded mountainous stream the macrophyte and psammal-argylal substrate increases. This feature of hydromorphological degradation has been identified to be one of the most important stressors affecting the in-stream biota in many Central European stream types (Ofenböck et al. 2004 ).
Besides the degradation, both native and non-native biological invasions appeared to be the major driving force in shaping of the diversity of biotic communities (Bollache et al. 2004 , Borics et al. 2013 , Kinzelbach 1995 , Sala et al. 2000 . Climatic changes, human induced stress or disturbance events do also often coincide with invading native species which results in altering the previous community pattern (Borics et al. 2013) . The above is also true for the gammarid communities of European and Hungarian rivers, as two non-native Mysids appeared or extended their range of distribution at the last five years in Hungarian waters (Borza et al. 2011, Borza and Boda 2013) .
SOM modelling
Using SOM method as an explorative statistical method, basic correlations were revealed between the relative abundance of the species and the environmental variables. Through the SOM's ability of highlighting correlations and bringing out existing relationships in data otherwise difficult to detect, we demonstrated the superiority of the method using both datasets (raw matrix (Appendix 1.) and SOM matrix dataset(Appendix 2.)).
The correlation of the species relative abundances of the raw dataset and species relative abundances of the SOM dataset with the abiotic factors can be found in Table 2 . The SOM analysis increased the correlation among environmental factors due to the learning process of the neural network. The SOM dataset-based correlation calculation increases the R value in every case and much more significant correlations can be found in the SOM dataset than in the raw dataset (Table 2. ).
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
The CART analysis revealed the thresholds for each species habitat preferences.
According to the CART based on the raw dataset, the first factor to influence proved to be the altitude, separating most of the populations of G. roeselii from the other species. At altitudes higher than 151 m, the rest of the species split based on the morphology of the bed substrate:
most of the populations of G. fossarum were separated by the rate of microlithal substrate type. This species preferred habitats with a bed containing 7% or less microlithal substrate.
On the next level, the CART suggests that some populations of G. balcanicus preferred to have the ratio of the macrolithal substrate type above 4.5%. The remaining group of samples was separated by the altitude again ( Fig. 5.a.) . Thus, based on the original raw dataset, altitude and the morphology of bed substrate proved to be the most important factors influencing the distribution of the species. The graphs based on the SOM dataset rest on higher correlations and are therefore more clear-cut. Here, too, altitude is the first factor clearly separating G.
roeselii (below 239.09 m) from the other two species. These species did then separate based on the type of the bed substrate. A remarkably high significance showed G. balcanicus to prefer habitats with a share of 21.52% or less Psammal-argylal type of substrate and 7.22% or less plant coverage, while G. fossarum preferred habitats with a share higher than 21.52%
PSARG (Psammal-argylal) substrate and more than 7.22% plant coverage (Fig. 5.b. ).
Physical characteristics of the water based on the raw dataset also seemed to operate the choices of the species: two large groups could be separated based on conductivity, both of which contained more than one species. These could be then further divided into two groups.
On one side conductivity remained the driving factor (with G. balcanicus preferring above 400.00 µS and some of the G. fossarum populations preferring below 400.00 µS), while pH influenced the other side (with G. roeselii preferring above pH 7.91 and G. fossarum below pH 7.91) (Fig. 6.a.) .
Physical characteristics of the water based on the dataset of the SOM work in a way very similar to that based on raw data. Here, too, conductivity is the first factor influencing the species. G. roeselii is detached from the other two species based on its preference for waters with their conductivity higher than 474.45 µS. The other two species separate based on pH (with most of the G. balcanicus populations preferring pH to be higher than 8.22) and conductivity (with the rest of the populations divided by the value of 353.21 µS, G.
balcanicus preferring the conductivity below and G. fossarum above it) (Fig. 5.b.) . On the whole, the differences are driven by the same factors but the separation of the sampling sites by their dominant gammarid species is clearer in case of the SOM dataset (Fig. 5 .b.; 6.b.).
The SOM also enhances the difference among habitat preferences analysed by PCA.
Here the main variable loading remains the same (microlithal, PSARG, mesolithal) but there are significant differences among them. The ANOSIM test shows no differences between G.
balcanicus and G. fossarum groups in the raw dataset, however in the SOM model the differences among the groups were significant (Fig. 7. ). This was also true for the Discriminant analysis, where the performance of the discrimination on the SOM was 100%, while on the raw dataset it was only 80.23%. In addition, when the group assignment was cross-validated by a leave-one-out cross-validation (jack-knifing) procedure, it resulted 90.62% for the SOM dataset and only 38. (Fig. 8.) . While this turnover is a slow process, it can be sped
up or triggered altogether by hydromorphological changes, point sources of pollution, or any other human-induced changes.
Reviewing the species assemblages, the temporal changes going on suggested a competition among the native gammarids. This competition (Fig. 8.) suggests that G.
fossarum appears as a competitor against both G. balcanicus and G. roeselii. Also, since previous experiments stated that G. roeselii, when alone, prefers coarse substrate beds (Kley et al. 2009 ), one can assume that among the studied species, G. roeselii is the weakest competitor being crowded out to occupy streams and rivers with fine substrate beds and lower altitude.
Conclusion
The distributional patterns of three gammarid species (G. fossarum, G. balcanicus, G. roeselii) were studied on two of the largest side stream tributaries of the Tisza River.
G. roeselii showed negative correlation to the altitude while its relation to the average depth, conductivity and temperature proved to be positive. The species also prefer fine bed substrate and thick plant coverage. G. balcanicus showed a strong negative correlation to fine bed substrate, temperature and plant coverage, while it prefers coarse substrate with its size ranging 2-20 cm. The G. fossarum in contrast showed a clear positive correlation to the altitude and coarse, rocky bed substrate, while there proved to be a negative correlation between temperature, average depth and gravel as bed substrate.
Using SOMs helped us to bring out distinctions in our data and enhance the differences making them easier to recognize and also, with their help we were able to model the relations of the species to habitat types non-existent among our samples. SOMs improved the correlations in our data that proved to be highly useful: besides their use to display
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complex data in a perspicuous way, they have other advantages in bringing out existing relationships in data otherwise difficult to detect.
SOMs are useful methods due to their ability of processing and displaying high dimensional data. However, through their facility of highlighting correlations, their utilization can be highly beneficial in case of deficiency, high level of noise or non-linear correlations in the data.
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